Abstract. The structural, dielectric, dynamical, elastic, piezoelectric and nonlinear optical (second-order susceptibility and Pockels tensors) properties of Bi 2 WO 6 in its P2 1 ab ferroelectric ground state are determined using density functional theory. The calculation of infrared and Raman spectra on single crystal allowed us to clarify the assignment of experimental phonon modes, considering the good agreement between the calculated and the experimental Raman spectra obtained on polycrystal. The calculation of the elastic constants confirms the elastic stability of the crystal and allow us to estimate the Young and shear moduli of polycrystalline samples. The piezoelectric constants have significant intrinsic values comparable to those of prototypical ABO 3 ferroelectrics. The electro-optic response is strongly dominated by the ionic contribution of transverse optic modes, yielding sizable Pockels coefficients around 9 pm/V along the polar direction.
Introduction
Bi 2 WO 6 belongs to the family of Aurivillius phases, a kind of naturally layered structures in which ferroelectric oxides can be observed [1] . This family is described as perovskites blocks sandwiched between two fluorite-like layers.
It has the (Bi 2 O 2 ) +2 (A m−1 B m O 3m+1 ) −2 generic formula, where m is an integer between 1 and 8 corresponding to the number of octahedra in the perovskites block [2] . Bi 2 WO 6 is the end member of the Aurivillius family (m = 1) and possesses many interesting physical properties such as ferroelectricity associated to a large spontaneous polarization (P ∼ = 50 µC/cm 2 ) and a high Curie temperature (T c =950
• C), piezoelectricity making it a potential alternative to BaTiO 3 and PbZr 1−x Ti x O 3 solid solutions for applications at higher frequencies and temperatures [3] , high oxide ion conductivity [4] , and photocatalytic activity [5] .
Bi 2 WO 6 exhibits structural phase transitions with temperature, that have been investigated in the literature [6, 7] . Its ground state is an orthorhombic P 2 1 ab (C • C. Experimentally, the I4/mmm paraelectric phase is never reached at high temperature and a reconstructive ferroelectric-paraelectric phase transition takes place at 950
• C to transform the material from the B2cb ferroelectric structure to the A2/m (C 3 2h ) paraelectric monoclinic phase. Surprisingly, although Bi 2 WO 6 is generating interest for various applications, many of its physical properties have not been quantified yet. From the literature, we can only cite (i) the work of Yanovskii and Voronkova [8] reporting estimates of the dielectric, piezoelectric and optical properties of the ferroelectric Aba2 intermediate phase (conventional setting of B2cb) and (ii) the recent measurements by Maczka et al. [9, 10] concerning the dynamical properties (Raman and infrared spectra) on the ferroelectric P ca2 1 ground state (conventional setting of P 2 1 ab).
In this paper, we use first-principles based methods to perform a comprehensive study of various physical properties of Bi 2 WO 6 in its P 2 1 ab ferroelectric phase. We calculate Raman and infrared spectra, providing benchmark theoretical data directly useful for the assignments of experimental spectra and clarifying the previously proposed assignments from Maczka et al. [9, 10] . We also calculate the elastic and piezoelectric constants of this compound together with some nonlinear properties, such as: its secondorder nonlinear optical susceptibilities and its Pockels coefficients. These quantities have not all been accurately quantified yet in the literature while their estimation is mandatory to assess the interest of Aurivillius phases for potential applications. 
Technical details
First-principles calculations were performed within the density functional theory and the local density approximation (LDA) using the ABINIT package [11, 12, 13] . We used highly transferable Teter pseudopotentials [14] . Bi(5d, 6s, 6p), W(5s, 5p, 5d, 6s) and O(2s, 2p)-electrons were considered as valence states in the construction of the pseudopotentials. The electronic wavefunctions were expanded in plane-waves up to a kinetic energy cutoff of 55 Ha. Integrals over the Brillouin zone were approximated by sums over a 8×8×3 mesh of special k-points according to the Monkhorst-Pack scheme [15] . Relaxations of the lattice parameters and the atomic positions were performed using the Broyden-Fletcher-Goldfarb-Shanno algorithm [16] until the maximum residual forces on the atoms and stress were less than 1×10 −5 Ha/Bohr and 1×10 −3 GPa, respectively. Born effective charges, dielectric tensors and dynamical matrix (yielding the phonon frequencies and eigenvectors) were obtained within a variational approach to density functional perturbation theory [17] . The Raman susceptibilities, the second-order nonlinear optical susceptibilities and the Pockels tensor have been obtained within a nonlinear response formalism taking advantage of the 2n+1 theorem [18, 19] . The infrared absorption and Raman spectra were respectively calculated as described in Refs. [20] and [21] .
Throughout this paper, we use the non-standard setting P 2 1 ab to conform with the convention describing the ferroelectric phase. In this setting, the crystallographic a-axis is chosen as the polar axis, and the c-axis as the stacking axis that is orthogonal to the fluorite and perovskite layers (see Fig. 1 ). All tensors will be reported in Cartesian coordinates where the orthogonal reference system (x, y, z) is chosen such as, x is aligned along the polar axis and z is aligned along the stacking axis.
In contrast, Maczka et al. [9] used the conventional P ca2 1 standard setting to investigate the polarized Raman spectra on single-crystal, where the polar axis is along the c-axis and the stacking direction along the b-axis. Thus, the comparison of their experimental results with ours was performed after the application of the matrix transformation from P ca2 1 to P 2 1 ab:
In addition, we notice that comparisons with the experimental results of Yanovskii and Voronkova [8] (discussed later in this manuscript) have to be taken with caution since (i) we do not know exactly at which temperature they were measured, (ii) they are a priori from the authors, associated to an Aba2 or P ba2 phase, experimentally recently proven to be the intermediate phase within the temperature range 670
• C -950 • C [6] , and (iii) the authors claim an accuracy of 10-20% only.
3. P 2 1 ab ground-state structure At room temperature, Bi 2 WO 6 crystallizes in the P 2 1 ab (C 5 2v ) orthorhombic space group with the following experimental lattice constants: a =5.45 Å, b =5.48 Å and c =16.47 Å [6] . These experimental lattice constants are slighly underestimated by 2% in our calculations (a =5.30 Å, b =5.32 Å and c =16.17 Å), as usually observed in LDA [7] . The nine independent atoms in this structure occupy the 4a Wyckoff position, leading to a 36 atoms primitive unit cell (Z =4). The calculated atomic positions are given in Table 1 and compared to the experimental ones measured at room temperature. In addition, to have a more quantitative comparison with the experimental data on the atomic distortions, we report in Table 2 , the projection of the atomic distortions from the hypothetical tetragonal paraelectric I4/mmm phase to the orthorhombic ferroelectric P 2 1 ab ground state, onto the phonon eigendisplacement vectors of the I4/mmm phase. Only the most significant contributions are retained. These two tables show the good qualitative agreement between our predictions and the experimental data. However, we note from Table 2 that, due to the underestimation of the LDA volume, the amplitude of the distortions are globally underestimated in the relaxed structure. Similarly, the larger volume of the experimental structure leads to an increase of the Γ Table 2 . The contribution of the phonon modes of the hypothetical I4/mmm phase (frequencies in brackets in cm −1 ), to the distortion from I4/mmm phase to calculated and experimental (300K) P 2 1 ab ground state. Only the most significant contributions are retained. A is the distortion amplitude (in Bohr) and α i the cosine director, according to the conventions and normalization conditions defined in Ref. [7] .
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Dielectric properties
Born effective charge tensors (Z * ) are dynamical quantities strongly influenced by dynamical changes of orbital hybridization induced by atomic displacements [22, 23] . Z * tensors have been calculated for the nine non-equivalent atoms of Bi 2 WO 6 in its P 2 1 ab ferroelectric phase and they are listed in Table 3 . The main values of these tensors have also been reported for a better comparison with Bi 2 WO 6 nominal atomic charges ( +3, +6 and -2, for Bi, W and O atoms, respectively). We observe that the Z * (W), Z * (O 1 ) and Z * (O 2 ) atoms are strongly anomalous compared to their nominal values. These anomalous Z* yield a strong spontaneous polarization of 48 µC/cm 2 in the P 2 1 ab phase [7] . These values can be linked to hybridization between the 2p-orbitals of O 1 and O 2 types of oxygens and the 5d-orbitals of W -atoms, as reported for the ABO 3 prototypical ferroelectrics [24, 25] .
We observe also sizable anomalous Z* on Bi and O 3 atoms; in this case however, the lone pair of Bi could play an active role beyond purely hybridization effects. We note that the off-diagonal terms of Z * are very small except for O 1 -atoms in the basal plane of the crystal.
The optical dielectric tensors of the ferroelectric and the paraelectric phases of Bi 2 WO 6 are reported in Table 4 . In our theoretical framework, they correspond to the purely electronic response to a static field. It is well known that DFT (LDA) usually overestimates the absolute value of ε ∞ with respect to the experiment. This problem is linked to the underestimation of the electronic bandgap and the lack of polarization dependence of local (LDA) exchange-correlation functionals [26] . To overcome this problem, it is a common practice to apply the so-called "scissors correction" [27] , in which we use an empirical rigid shift of the conduction bands to adjust the LDA bandgap to the experimental value. By comparing our calculated band-gap value (E calc g =1.9 =2.6 eV [28] ), the scissors correction is fixed to 0.7 eV. As expected, this correction slightly decreases the values of the optical dielectric tensor (see Table 4 ).
The optical dielectric tensor components and related refractive indices in the ferroelectric phase have values smaller than those observed in the paraelectric phase. The refractive indices in the P 2 1 ab phase after the scissors correction have amplitudes comparable to what was measured by Yanovskii and Voronkova (n ≈ 2.5) [8] . We also predict a weak negative birefringence (reduction of n along the polar axis), but with a birefringence amplitude one order of magnitude smaller than estimated experimentally.
The static (or low-frequency) dielectric tensor of the P 2 1 ab ferroelectric phase can also be estimated theoretically. The fixed-strain relaxed-ion dielectric tensor, ε (η) , can be obtained by adding to the purely electronic response (ε ∞ ) the contribution coming from the response of the ions to the electric field. To estimate this last contribution, one can use a model that assimilates the solid to a system of undamped harmonic oscillators. Doing so, ε (η) appears as the sum of an electronic contribution (ε ∞ ) and a contribution arising from each individual polar phonon mode (ε ph m ) such as [17] :
where the sum runs over all polar modes m, Ω 0 is the unit cell volume and S is the infrared oscillator strength. The contributions arising from the ionic relaxation can be estimated from the phonon calculation that will be further discussed in the next Section. The results are presented in Table 5 . It appears from the mode by mode decomposition that ε
11 is dominated by the A 1 -mode calculated at 62 cm −1 . Similarly, two B 1 -modes calculated at 59 and 212 cm −1 dominate ε (η) 22 . In contrast, no clear contribution of the B 2 -modes governs ε (η) 33 . The relaxed-stress relaxed-ion dielectric tensor, ε (σ) , can also be computed by adding to ε (η) the contribution associated to the strain relaxation as described in Ref. [29] . We observe in Table 5 that the strain relaxation has a strong effect on the static dielectric constant in the directions perpendicular to the stacking axis.
Typically, ε (σ) should be compared to ac dielectric measurements at frequencies much less than sample resonances while ε (η) would correspond to frequencies much higher than the sample resonance but much less than phonon frequencies. We notice that our theoretical prediction significantly underestimate the experimental value (at 1 kHz) along the polar direction [8] . This could be linked to the fact that our LDA calculations slightly underestimate the lattice constants, which in turn could harden some relevant modes. As it is discussed in the next Section, the A 1 -mode dominating ε 0 11 is nevertheless predicted at 62 cm −1 in close agreement with experimental data at low temperature (59 cm −1 ). A possible explanation is that, although the ferroelectric transition is at very high temperature and reconstructive, the frequency of this dominating A 1 -mode is temperature dependent and much softer at the experimental measurement temperature than in the zero Kelvin limit. Much more surprising is the large experimental value ε (exp) 33 reported along the stacking axis, and the absence of experimental anisotropy between ε (exp) 22 and ε (exp) 33 [8] .
Optical phonon modes at the zone-center
Bi 2 WO 6 in its ferroelectric P 2 1 ab structure belongs to the C 2v point group. The zone-center optical phonons can be therefore classified according to the irreducible representations of this group as: Γ opt = 26 A 1 ⊕ 26 B 1 ⊕ 26 B 2 ⊕ 27 A 2 . The first three irreducible representations are both infrared and Raman active. They are polarized along x, y and z-direction, respectively. The last representation (A 2 ) is only Raman active. The form of the Raman susceptibility tensors in the P 2 1 ab non-standard setting is reported in Table 6 . Close to the Γ-point, the macroscopic electric field splits the polar active modes into transverse (TO) and longitudinal (LO) modes. Table 7 compares our calculated TO and LO phonon frequencies classified according to their symmetry with the corresponding experimental frequencies measured on single crystal by Maczka et al. [9] . An overall acceptable agreement is observed. ) of the zone-center optical phonon modes of a Bi 2 WO 6 single crystal in its P 2 1 ab phase. Experimental frequencies are obtained using infrared (IR) and Raman (Ra) spectroscopies by Maczka et al. [9] . The analysis of the infrared reflectivity spectra allows to quantify the LO-TO splitting strength. These spectra are calculated at normal incidence for the three polar irreducible representations and are displayed in Fig. 2 . The reflectivity saturates to the unity because our formalism neglects the damping of the phonon modes. In agreement with the experimental data [9] reported in Table 7 , we observe a non negligible LO-TO splitting of the B 1 -modes around 200, 340 and 700 cm −1 , while this splitting is located in the 250-430 cm −1 range and around 700 cm −1 for the A 1 -modes. The splitting of the B 2 -modes has not been measured experimentally but our calculations show that it is significant in the 360-500 cm −1 range and around 700 cm −1 . Figure 3 compares the calculated unpolarized Raman spectra of Bi 2 WO 6 polycrystalline powder and the experimental one recorder by Maczka et al. [10] at 7 K, in the 10-900 cm −1 range. The calculated average spectrum is performed assuming a quasi-continuous and random distribution of crystallites orientations. In practice, this is done by evaluating the Raman tensor components for an arbitrary orientation in space using Euler angles [30, 32] Calculated and experimental Raman spectra of Bi 2 WO 6 polycrystals. Spectra are normalized on the strong line centered at 790 cm −1 . The experimental spectrum is recorded at 7 K by Maczka et al. [10] . The calculated spectrum is displayed using a Lorentzian line shape with a constant linewidth fixed at 3 cm −1 .
obtained from the diagonalization of the dynamical matrix. This assignment is reported in Table 8 , while Fig. 4 displays the eigendisplacement vectors of some of them. In Table 8 , a mode is assigned as TO+LO when its TO-LO splitting is equal or less than 5 cm −1 . Similarly, we assigned the high-frequency phonon modes (550-850 cm −1 range) and succeed to clarify the previous assignments obtained by Maczka et al. [9] using polarized Raman spectroscopy on single-crystal (see Table 8 ).
The infrared absorption spectrum on Bi 2 WO 6 polycrystalline powder was also calculated to complete the knowledge of its zone-center phonon modes. It is displayed in Fig. 5 , together with the experimental recorded at 7 K. The latter is obtained by grinding the powder with a mulling agent, in contrast to the experimental Raman spectrum [9, 10] . We observe that the agreement experiment-calculation is much less satisfactory than for the Raman. It is quite surprising because the calculation of infrared spectra is much simpler than the calculation of Raman spectra. Thus, this poor agreement could be related to multiple scattering within the particles due to their size larger than the infrared wavelength (Mie scattering). Nevertheless, the assignment of the main experimental bands to the corresponding calculated ones is still possible as highlighted by the dashed lines in the figure. The experimental spectrum is recorded at 7 K by Maczka et al. [10] . The calculated spectrum is displayed using a Lorentzian line shape with a constant linewidth fixed at 6 cm −1 . The dashed lines show the assignment of the main experimental bands to the corresponding calculated ones. 
6. Elastic and piezoelectric properties Table 9 reports the calculated single-crystal elastic C ij and compliances S ij tensors (relaxed-ion tensors [29] ) of the Bi 2 WO 6 in its ground-state ferroelectric structure. This structure properly appears mechanically stable since the elastic tensor constants satisfy the Born mechanical stability restrictions for an orthorhombic structure, which are given by the following system of inequations [33] :
By treating the polycrystalline materials as aggregates of single-crystals with random orientations, the isotropic polycrystalline elastic modulus can be computed as averages of anisotropic single-crystal elastic constants. The theoretical lower and upper bounds to the polycrystalline bulk (B) and shear (G) moduli are given by Reuss (assuming uniform stress throughout a polycrystal) and Voigt (assuming uniform strain) as follows [34] :
The polycrystalline values from the Voigt-Reuss-Hill approximation: B = (B R + B V )/2 and G = (G R + G V )/2 are estimated using the different elastic parameters reported in Table 9 . The knowledge of these moduli, allow us to estimate the Young modulus (Y ) and Poisson ratio (ν) according to: Y = 9BG/(3B + G) and ν = (3B/2 − G)/(3B + G). All these quantities are reported in Table 9 . It is usually admitted that the typical relations between B and G are G 1.1B and G 0.6B for covalent and ionic materials, respectively. Thus, our calculations indicate that the Bi 2 WO 6 ferroelectric phase has a mixed ionic-covalent character (G/B ≈ 0.8). This result is consistent with our Z * analysis.
The piezoelectric e (and d) tensor of the P 2 1 ab ferroelectric phase of Bi 2 WO 6 has five independent elements and writes : Table 11 . Piezoelectric tensors (using Voigt notation) of Bi 2 WO 6 in its P 2 1 ab ferroelectric phase. The proper parts of the clamped-ionē and relaxed ion e tensors are reported (in C/m 2 ) together with the relaxed ion d tensor (pC/N ) [29] . Experimental data of the d tensor (d exp ) are from Yanovskii et al. [8] . The values of the proper parts of the clamped-ionē and relaxed ion e tensors are reported in Table 11 together with the relaxed ion d tensor [29] . We first notice that the clampedion tensorē is very small so that most of the piezoelectric response is produced by the ionic contribution; this contrasts with many other cases where both contributions are typically more comparable in amplitude and opposite in sign and partly cancel out [35] . The agreement with the experiment is not particularly good except for d 12 but we notice that our values restrict to zero Kelvin. The signs are properly reproduced confirming that the crystal was oriented according to the same piezoelectric standards. 
Second-order nonlinear optical susceptibility
The second-order nonlinear optical susceptibility, χ (2) , is a third-rank tensor related to the electronic response of the system and depends on the frequencies of the optical electric fields [38] . However, in the present context of the 2n + 1 theorem applied within the LDA to (static) DFT, we neglect the dispersion of χ (2) computing the electronic response at zero frequency. Within these conditions, the χ (2) -tensor is related to a thirdorder derivative of a field-dependent energy functional, F = E −Ω 0 E.P, where E and P are respectively the total energy in zero field and the macroscopic polarization [18] . As a consequence, the χ (2) -tensor satisfies Kleinman's symmetry condition [39] and its indices are therefore symmetric under a permutation. As usual in nonlinear optics, we report the so-called "d-tensor", defined as d
χ (2) (a superscript "NLO" is introduced here to avoid confusion with the piezoelectric tensor).
In the P 2 1 ab ferroelectric phase, using Kleinman's symmetry rule allows to reduce the number of independent elements of the non-linear optic d N LO -tensor to three ( d ) so that it writes:
where the indices i and j denote the Cartesian components in Voigt notation. The calculated values are given in Table 12 in comparison with the available experimental data (the d
element is still unmeasured). We observe a reasonably good agreement between the theoretical and experimental absolute values. We notice that although all calculated susceptibilities are found to be negative, positive values have been reported experimentally. It is not clear however if the signs have been unambiguously determined experimentally; they depend on the direction of the axis and sign disagreements are often observed between authors on ferroelectric materials [24, 25] . The magnitudes of the calculated d is significantly smaller, in agreement with the experiment. We notice that the scissors correction decreases significantly the values of the nonlinear optical susceptibilities, but does not change this trend. It seems that the scissors correction leads to a more important discrepancy with the experimental results. As discussed in Ref. [18] , this is not necessarily unusual since various errors (like the LDA volume underestimate) can also significantly affect the values of d
N LO ij
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The amplitude of the scissors correction can be considered as a rough estimate of the theoretical uncertainty. 
Pockels response
Similarly to the second-order nonlinear optical susceptibility, electro-optic (EO) tensor (Pockels response) has five independent coefficients given by:
We restrict ourselves to the computation of the so-called "clamped" EO coefficients, neglecting any modification of the unit cell shape due to the inverse piezoelectric effect. Within the Born-Oppenheimer approximation, the clamped EO tensor can be decomposed as the sum of two terms: an electronic term and an ionic term [18, 19] . The electronic term describes the interaction of the quasi-static electric field with the valence electrons when considering the ions artificially clamped at their equilibrium positions. It is proportional to the second-order nonlinear optical susceptibility. The ionic term takes into account the relaxation of the atomic positions in the applied quasi-static electric field and the variations of ε ij induced by these displacements. It is proportional to the Raman susceptibilities, the mode polarities and to the inverse square of the frequencies [18, 38] . The r 62 and r 53 ionic terms are respectively linked to the B 1 and B 2 -modes, whereas the three r 11 , r 21 and r 31 ionic terms are linked to the A 1 -modes. The EO coefficients are found relatively small and not exceptional despite the presence of very low frequencies modes that could have suggested higher EO coefficients. This is due to the small Raman susceptibilities of these low frequencies modes and to their small polarities. The mode-by-mode decomposition of each TO phonons to the ionic terms is also reported in Table 13 .
We observe that the electronic and the total ionic terms show a significant anisotropy, yielding to anisotropic total EO coefficients. These two terms have the ) and B 1 (686 cm −1 ) and they contribute by around 55, 7, 8 and 12% to the r 62 total EO coefficient. The same sign (positive) of these four modes therefore leads to a significant value of the total r 62 ionic term. The same explanation can be given for the significant contribution of the r 11 , r 21 and r 31 ionic terms to the corresponding total EO coefficients. In the case of the r 53 coefficient, its ionic term is mainly dominated by four B 2 -modes: B 2 (78 cm −1 ), B 2 (96 cm −1 ), B 2 (300 cm −1 ) and B 2 (365 cm −1 ). However, these modes are compensated between them due to their similar magnitude and their different signs. As a consequence, the r 53 ionic contribution significantly decreases to 66% while that of electronic term is increased to 34%.
A scissors correction can also be applied. As in Ref. [18] , its effect was restricted to the refractive indices (see Table 4 ) entering in the calculation of r ij (no "scissors" correction was considered for the non-linear optical susceptibilities since, as discussed in the previous Section, it does not seem to provide any improvement with respect to the experiment). This correction tends to increase the total EO coefficients as reported in Table 13 , but does not dramatically change their amplitude. Our calculated EO coefficients significantly underestimate the experimental values reported by Yanovskii et al. (at 1 kHz) [8] . This can eventually be related to different effects: (i) we computed the "clamped" EO coefficients while the strain relaxation could significantly affect the results through the piezoelectric effect [20] (ii) we worked at 0 K while the influence of the temperature should be considered when comparing our EO predictions to the experimental ones [40] ).
Conclusions
In this work, we have performed a systematic first-principles study of Bi 2 WO 6 in its P 21ab ferroelectric ground state using density functional theory within the local density approximation. We have investigated important physical properties like dielectric, dynamical, elastic and piezoelectric responses, second-order nonlinear optical susceptibilities and Pockels coefficients. Infrared and Raman spectra have been calculated. In spite of the large complex structure of Bi 2 WO 6 , the agreement between experimental and calculated spectra is good enough to provide reliable assignments of the observed infrared and Raman bands. As in simple perovskite ferroelectric oxides, the Born effective charges are anomalous. A sizable intrinsic piezoelectric effect is reported and the elastic properties show a mixed ionic-covalent character, in agreement with the analysis of Born effective charges. Finally, we also calculated the nonlinear optical susceptibilities and the "clamped" electro-optic coefficients, quantifying its purely electronic and ionic contributions. We found that Bi 2 WO 6 exhibits various sizable functional properties, although no exceptionally large values have been identified in comparison to simple ferroelectric perovskite compounds. Our work reports benchmark theoretical data, usually in good qualitative agreement with the experimental work of Maczka et al. [10] . To date, this compound was however only poorly characterized and we hope that this work will motivate further experimental measurements.
